Porous CuO nanosheets were prepared on alumina tubes using a facile hydrothermal method, and their morphology, microstructure and gas sensing properties were investigated. The monoclinic CuO nanosheets had an average thickness of 62.5 nm and were embedded with numerous holes with diameters ranging 5 nm to 17 nm. The porous CuO nanosheets were used to fabricate gas sensors to detect hydrogen sulfide (H 2 S) operated at room temperature. The sensor showed a good response sensitivity of 1.25 with the respond/recovery time of 234 s and 76 s, respectively, when tested with the H 2 S concentrations as low as 10 ppb. It also showed a remarkably high selectivity to the H 2 S, but only minor responses to other gases such as SO 2 , NO, NO 2 , H 2 , CO and C 2 H 5 OH. The working principle of the porous CuO nanosheets based sensor to detect the H 2 S was identified to be the phase transition from semiconducting CuO to a metallic conducting CuS.
Introduction
H 2 S is one of the most common toxic contaminants, which are frequently utilized in various fields, including oil, gas, waste treatment and paper industries. 1, 2 It is also commonly found or generated from sewage, rubbish dumps as well as many routine chemical production processes. Even in the presence of trace amounts, the H 2 S gas is extremely toxic to many organisms, such as human respiratory and nerve system.
Generally, it is recommended that the acceptable ambient levels of the H 2 S for a healthy condition are in the range of 20-100 ppb. 3 Therefore, in the views of environmental protection, safety and health conditions of human being, it is urgently required to develop cheap, efficient, highly sensitive and mass-produced H 2 S sensors working at room temperature, also with other advantages of excellent selectivity and reliability even as low as ppb concentration. Various H 2 S gas sensors fabricated using different types of semiconductor oxides have been investigated, including In 2 O 3 , 4,5 ZnO, 6 SnO 2 , 4 thickness. The nano-porous structures of CuO sheets could allow a fast and efficient gas adsorption on their surfaces, thus the response times of gas sensor will be significantly decreased. However, as far as we have known, there are few reports using these CuO sheet-like nano-porous structures for gas sensing applications.
The sensing mechanism of a commonly used semiconductor gas sensor is based on the reactions of the absorbed target molecules with the metal oxide materials. For the electrical resistance based metal oxide H 2 S sensors, these reactions will occur between the H 2 S molecule and the oxygen ions on the surface of the metal oxides, thus generating free electrons and thus resulting in changes in the electrical resistance of the metal oxides. However, the similar reaction on the CuO materials and the associated changes in the resistance are also commonly observed in absorption of other types of reducing gases, including CO, 11, 30 alcohol, 31,32 methane and ammonia gases. 33, 34 Therefore, the specific H 2 S sensors with a good selectivity should be explored.
In this paper, using a hydrothermal preparation process, porous CuO nanosheets were prepared on alumina tubes, on which, the resistance based H 2 S gas sensors were fabricated, and their sensing performance was systematically studied. UV-vis spectroscopy was recorded using a UV-2101 spectrophotometer (Shimadzu Corporation, Japan).
Experiment

Preparation of porous CuO nanosheets
Manufacture and testing of gas sensor
The alumina tubes coated with the porous CuO nanosheets were used to directly fabricate the sensors. The surfaces of the alumina tubes were covered with a layer of the porous CuO nanosheets layer (as shown in the schematic illustration of Figure S1 in the Supporting Information). 9 At opposite ends of the alumina tube, there was a Pt wire connected to gold electrode. The electric current of the sensor was recorded using a Keithley 2400 source meter with an applied working voltage of Vs= 0.25 V. In this paper, the definition of gas response (S) for the gas sensor is following the ideas reported in literature 9 : S=R a /R g , in which R g and R a are the resistance of CuO nanosheets layer measured in the H 2 S and air, respectively. 7 commercially ones. In a standard testing process, the gas sensor was placed in a chamber of two liters and a fixed relative humidity of 30%. During the gas sensing test, the concentrations of the gas were adjusted based on the injected volumes of the H 2 S.
Results and discussion
Structural characterization
The SEM images of the CuO samples are shown in Figure 1 . Clearly, the CuO In the synthesis process of the porous CuO nanosheets, the ratio of Cu 2+ and NaOH 40 It has been reported that the specific sites of molecular adsorption were remarkably influenced by the band gap energy, and thus could remarkably influence the gas sensitive property. using CuO thin films, the detection limit to H 2 S was higher than 100 ppb. 12 Therefore, we can confirm that at room temperature, our sensor based on the porous CuO nanosheets in this study has an excellent property for detecting hydrogen sulfide at lower concentrations. Figure 5b shows the response/recovery times of the porous CuO nanosheets based sensor. The definition of response/recovery times was based on the report of the literature. 9 There was an obvious change of the response/recovery times based on the results shown in Figure 5b . The response times were in the range from 41 s to 606 s when the H 2 S concentrations were changed from 10 ppb to 60 ppm. However, when the H 2 S gas concentration was higher than 1 ppm, it was less than 90 s. The recovery time is in the range from 17 s to 1173 s, but it was less than 76 s when the concentration of H 2 S was less than 0.04 ppm. It can be concluded that the huge amount of nanopores in the nanosheets (as shown in Figure 2b ) are favorite for both absorption/desorption of H 2 S gas, leading to the shorter response/recovery times.
Besides the high sensitivity, the reproducibility of the gas sensor is another important performance indicator. Figure 6a shows the reproducibility testing results of the porous CuO nanosheets based sensor, which was successively exposed to 200 ppb Long-term stability is also a critical parameter for the application of gas sensor. The measurement readings of the porous CuO nanosheets based H 2 S sensor were recorded for a month, and the result are plotted in Figure 6b . The response deviation when the device was exposed in 200 ppb H 2 S is lower than 5% after long-term testing for a month, indicating that the CuO nanosheet sensor has a good long-term stability.
The selectivity of a gas sensor is another critical parameter. Figure 7 shows the response curves of the sensor exposed to various gases (SO 2 , NO, NO 2 , H 2 , CO, 
Gas-sensing mechanism
CuO is a p-type semiconductor, and the charge carriers are positive holes. The adsorption and desorption of the H 2 S on the surface of the CuO will result in the changes of electrical resistance. According to the mechanism of oxidation of H 2 S by the adsorbed oxygen ions, the resistance of the CuO will be increased. 42, 43 However, from the real-time response shown in Figure 8 , it is worth mentioning that the resistance of the sensor decreased quickly upon the H 2 S injection,, which is opposite to the commonly accepted mechanisms for the p-type semiconductor gas sensors. It is apparent that there is a totally different sensing mechanism of the porous CuO nanosheets with the H 2 S. In this paper, we proposed that the working principle of sensor should be the transformation from CuO to CuS, the latter of which has a good metallic-like conductivity.
When the H 2 S molecules are absorbed on the CuO surface, it will react with the CuO directly, based the chemical reaction 4 as shown below:
Firstly, the Cu x S (x<1) layer is formed on the CuO surface, and then it converts to CuS layer, which covers the surface of CuO sheets. The S 2-ions continue to percolate inside the bulk CuO and form Cu x S percolation regime in the sub-layer, as shown in Figure 9a . Formation of the CuS on the CuO has been proven by the XPS analysis results. 43, 44 CuS, a metallic-like conductor, will increase the connectivity between the neighboring CuO sheets, leading to a decrease of the resistance of the CuO nanosheets film. The porous CuO nanosheets are convenient for the adsorption of the H 2 S gas molecules, thus facilitating the transformation of CuS. Because of existence of the porous structures of the sheet-like CuO nanostructures, the reaction of CuS formation is very fast. It was 336 s to achieve a reaction equilibrium for the 200 ppb H 2 S gas at room temperature as shown in Figure 8 .
After the H 2 S gas was replaced with the dry air, recovery of the measured response 
The porous structures of the CuO nanosheets are convenient for the molecular diffusion/desorpton. Therefore, the reading of the sensor can be quickly recovered at room temperature as shown in Figure 8 , revealing its reliability to the applications.
XPS results confirmed the formation of CuS. Because it is quite difficult to characterize the H 2 S sensing process using XPS, here, the XPS analysis was only used to prove that the CuS has formed on the surface of CuO powder. The testing sample used in the XPS analysis was CuO powder. The CuO powder was firstly placed in a chamber with the H 2 S gas at room temperature, then it was taken out and measured using XPS. The CuO powder without exposed to the H 2 S gas was also characterized using the XPS for a comparison. Before and after exposure in H 2 S gas, the XPS spectra of Cu 2p 3/2 and S 2p of the CuO nanosheets are shown in Figure 10 , respectively. Before exposure in H 2 S gas, the Cu 2p 3/2 spectrum shows a main peak at 933.9 eV along with its satellite peaks, which are all attributed to those of the CuO. 18, 45 However, for the CuO sample which had been exposed in H 2 S gas, the main peak of the Cu 2p 3/2 shows a broad asymmetric curve which was deconvoluted into two peaks at 932.6 and 930.8 eV, attributing to CuO and CuS, respectively. 45, 46 For the S 2p spectra, the peaks at 162.3 and 163.4 eV could be identified (Figure 10b) after exposure to H 2 S, which are attributed to S 2p 3/2 and S 2p 1/2 states respectively.
This result clearly confirms the formation of CuS. 46, 47 When it was exposed to air again, the XPS spectra were found to be almost the same as those before exposure to the H 2 S, indicating the transformation from the CuS to CuO.
As shown in Figure 7 , when the sensor was exposed into ammonia, the resistance of the sensor was also reduced, although compared with the results from the H 2 S, its response sensitivity is quite low. The sensing mechanism to the NH 3 for the CuO sensor could be explained based on proton conductivity of NH 4 + . 48 The 
Therefore, the resistance of gas sensor was decreased due to the proton conductivity of NH 4 + . 48 
Conclusions
In this paper, we presented the fabrication and characterization of porous CuO nanosheets on the alumina tubes. And the fabricated H 2 S sensor showed an excellent sensing performance. The CuO nanosheets had an average thickness of 62.5 nm.
Detailed structural analysis confirmed that the synthesized CuO nanosheets had monoclinic CuO structures, and there were many holes with a diameter ranging from 5nm to 17 nm inside the nanosheets. The working principle of sensor was attributed to the transformation of semiconducting p-type CuO to metallic CuS. The porous 
